In this study, numerical simulations are employed to investigate the hydrodynamic performance and wake topology of a swimming Rhinoptera javanica. The study is motivated by the quest to understand the hydrodynamics of median and paired fin(MPF) mode with both spanwise and chordwise flexibility. The simulations employ an immersed boundary(IB)-simplified sphere function-based gas kinetic scheme(SGKS) method that allows us to simulate flows with complex moving boundaries on fixed Cartesian grids. A computational model is constructed based on biological data. The evolution of the hydrodynamic force and 3D vortex structures are presented. Besides, the effect of frequency and amplitude are also discussed to explain some behaviors of the actual Rhinoptera javanica. This work can provide a baseline for the design of a bio-inspired underwater vehicle.
I. INTRODUCTION
With the great demand for marine exploration, there is a growing need for the adaptation of robotic systems which can autonomously perform routine tasks in aquatic environments. To improve the efficiency and endurance of underwater operation, it is indispensable to reduce the travelling resistance and increase the propulsion efficiency and maneuverability of the vehicle. At present, it is not difficult to obtain a shape with excellent resistance performance [1] by using CFD, experimental means and various optimization techniques. Generally, the traditional propulsion and control system with propeller and rudder has a propulsion efficiency of 70% -80%. How to further improve the propulsion and control efficiency becomes another big problem. However, it is difficult to meet the above requirements through continuous optimization.
Long time natural selection and evolution endow aquatic animals with extraordinary movement and survival ability: low energy consumption long-distance patrol, high thrust and efficiency propulsion, strong explosive power and maneuverability, keen perception and positioning ability, excellent self-The associate editor coordinating the review of this manuscript and approving it for publication was Kang Li . protection,and precision attack ability. Derived inspiration from nature, bioinspired autonomous underwater vehicles have attracted more attentions [2] , [3] .
In order to answer the question of how speed and efficiency are augmented by aquatic locomotion, the hydrodynamics of aquatic locomotion has been studied extensively. Breder [4] has classified the swimming modes into the body and/or caudal fin (BCF) mode and median and paired fin(MPF) mode. Many studies have been focused on BCF modes [5] - [9] which are associated with drag-based propulsion. Different from the BCF mode, MPF mode is associated with lift-based propulsion. For these studies, most have restricted their attention to two-dimensional simulation [10] - [14] . The studies for 2D foils assumed that the aspect ratio is infinitely great and ignored any spanwise variability. In fact, the aspect ratio of fish pectoral fins varies significantly [15] , [16] . Among the few three-dimensional studies, Triantafyllou et al. [17] investigated the hydrodynamics of harmonically oscillating foils through force and power measurements. The results showed an optimum propulsive efficiency can be obtained at a Strouhal number range of 0.2 -0.4. Strouhal number is defined as fA/U, where f, A and U represent frequency, amplitude,and forward speed, respectively. Shahzad et al. [18] examined the effects of shape, aspect ratio and deviation angle on the aerodynamic performance of flapping wings in hover and found that the performance trends of the wing shapes are independent of Re for both 2-angle and 3-angle kinematics. Dong performed some numerical simulations on the wake structures and hydrodynamic performance of thin ellipsoidal flapping foils. The observation showed two sets of vortex loops interconnected together which evolved into distinct vortex rings as they convected downstream. To some extent, although those 3D studies reveal the flow variety in the spanwise direction, they are limited to report the flexibility due to the employment of rigid pitching-and-heaving foils. However, it should not be ignored that the wings of fishes or birds are flexible structures that may bend and twist during swim or flight. Currently, the effect of flexibility has not been fully investigated.
Rhinoptera javanica is a species of Batoid fish, belonging to a unique group that has a dorsoventrally flattened body and expanded pectoral fins. Compared with the BCF swimmers, Batoids have a relatively high aspect ratio and propel themselves primarily with their greatly expanded pectoral fins. The pectoral fins have both spanwise and chordwise flexibility [19] . This study was to investigate the hydrodynamic performance of the MPF swimmer with coupling flexibility in both spanwise and chordwise. We constructed a Rhinoptera javanica geometry model by accurate section profile which is closer to actual biological form than rigid foils and created a numerical model that can capture the dynamics of the pectoral fins with both spanwise and chordwise flexibility. The hydrodynamic performance was then studied using an immersed boundary(IB) -simplified gas kinetics scheme(GKS) solver. The current paper begins by describing the data acquisition procedures and numerical simulation methodology in section 2. Then, the flow mechanism was explained by discussing the vorticity fields and the velocity distribution detail. The effects of frequency and amplitude were also examined in section 3. Finally, the conclusions of this study are provided in section 4
II. MATERIALS AND METHODS

A. GEOMETRY MODEL
The biological observation of Rhinoptera javanicas was carried out in the Singapore S.E.A. aquarium. The observation content is the biological characteristics of Rhinoptera javanicas when they are free swimming. S.E.A. aquarium has the largest glass viewing window in Asia, with good biological observation conditions. As the Rhinoptera javanicas swam past a large, flat viewing window, images were recorded with a Nikon 7100 digital camera. In order to keep the equipment stable, a tripod was used for equipment support. Given a pectoral fin flapping frequency of approximately 1 Hz [16] , the camera was operated at a 60 Hz recording rate which can provide a good time resolution for the biological observation.
The geometry model was constructed in a CAD software CATIA(Dassault System) through reverse engineering(RE) technology, i.e., Start with the size measurement of the actual object, then obtain the three-dimensional point data of the object, build the three-dimensional curve through the point data, and further build the three-dimensional surface. In the present study, the geometry reconstruction of Rhinoptera javanica was carried out in the following three steps. The first step is to extract the outline of Rhinoptera javanica from a two-dimensional image. In order to make the geometry model more accurate, we extracted the accurate mid-longitudinal section, the section at the 1 / 2 spanwise position of the pectoral fin and the outline in the top view of the Rhinoptera javanica in reference [4] as shown in Figure 1 . The outline of the front view was extracted from the video record. The second step is to loft the section profile by the outlines of the top and front view. Then, a complete 3D geometry model of Rhinoptera javanica can be obtained by mirroring the surface of unilateral pectoral fin with the middle longitudinal section as symmetry. It should be noted that due to the focus of present study is the flexible deformation of the pectoral fins, the geometry model was simplified by ignoring some appendages such as dorsal fin and tail whip. The established geometry is shown in Fig. 2 . It can be seen that compared with the corresponding view ( Fig. 3 ) of the observation sample, the geometry model compares well with the actual biological shape. The specific parameters of the established model are shown in Table 1 . source software. A complete stroke cycle was analyzed by manually tracking the swimmer's head, tail base, and pectoral fin tip. Linear distances of each digitized point were scaled relative to the swimmer's body length (BL). The swimming speed(U; BL/s), flapping amplitude (A; BL; maximum tip to tip vertical displacement) and stroke frequency (f; Hz; 1/period of stroke cycle) were measured by recording the digitized points and frame number.
We collected approximately 40 recordings of freeswimming Rhinoptera javanicas. These videos were then examined carefully, and one recording was selected for further study. It can be seen from the motion trajectory( Fig. 4 ) that the center of gravity of the body will fluctuate up and down in a small range, and the trajectory of the tip of the fin is approximately a sine function. The stroke frequency, flapping amplitude and swimming speed are showed in Table 2 which were obtained by average the values over two fin strokes.
From the acquired video we observed that the main deformation utilized by Rhinoptera javanicas can be decomposed into two coupled deformation: spanwise deformation and chordwise deformation( Fig. 5 ). To build the kinematic model, we controlled the position of each point in the geometry model at each time step. Based on the recording, the trajectory of the points was decomposed into two coupled motions: curved spanwise deformation as the fins rotate around the longitudinal axis of the body and a chordwise traveling wave. The maximum curved deformation was captured from the posterior image and the wave number was set as 0.4 to match the actual kinematics [16] . We assume that the deformation speed is uniform and the upstroke and the downstroke motion are absolutely symmetric. A series of snapshots of our computing model is shown in Fig. 6 . The coupling flexibility in both spanwise and chordwise is well represented in our model. Although we neglected some small deformations at the model building progress, this simplified kinematic model is sufficient for our purposes. The computing model was then imported as immersed moving boundaries in our CFD code. 
C. COMPUTATIONAL METHODOLOGY
In the present study, an immersed boundary(IB) -simplified sphere function-based gas kinetic scheme(SGKS) is employed for the simulation of the swimming Rhinoptera javanica. The details of computational methodology have been analyzed in [20] - [22] and only a brief introduction of this method is performed here. A near incompressible 3D Navier -Stokes equations are used since the employment of SGKS,
where ρ, u, p, ν represents the density, velocity, pressure and kinematic viscosity of the fluid, respectively, I is the unit tensor. The equations are discretized by the finite volume method (FVM) on a non-uniform Cartesian mesh. The conservative variables and numerical fluxes at the cell interface are obtained simply and explicitly by SGKS [22] through the local solution of the 3D Boltzmann equation. An implicit boundary condition-enforced immersed boundary method [23] is used to implement the no-slip boundary condition. The solver has approximately second-order convergence accuracy. Validations about this solver involving flow past flapping foils [24] , [25] and flows over dragonfly flight [22] can be found in previous work.
As shown in Fig. 7 ,the computational domain size is 16BL × 16 BL × 16 BL, and the Rhinoptera javanica model was located in the center of the domain. The computational domain was discretized on a non-uniform Cartesian grid with 221×201×201(about 8.93 billion) grid points in total. There is a rectangular region with high-resolution uniform grids with the spacing x = 0.014BL around the model. This mesh setup was based on a grid-independent study, in which the mean force coefficients differ by 2.8% and 1.2%, respectively between a coarse grid, the current nominal grid and a finer grid as shown in Table. 3. The model of Rhinoptera javanica was discretized by triangle grids with 4102 nodes. The time step was chosen to meet CFL = 0.5. To study the long-term hydrodynamic characteristics of the pectoral fins in steady swimming, a uniform flow at speed U passing the tethered Rhinoptera javanica was employed to save the computation cost.
The role of Reynolds number is to present the proportion of inertial force and viscous force. According to the biological data we collected, the range of Reynolds number(Re = UBL/ν, ν is the kinematic viscosity of the fluid) for Rhinoptera javanicas is 5.04 × 10 4 − 3.70 × 10 5 , which indicates that the inertial force dominates the flow. The direct numerical simulation method was adopted in this paper, which needs a large number of grids to simulate the flow at such a high Re. On the other hand, the purpose of the viscous flow simulation was to capture the key features of the wake structures for addressing the fundamental hydrodynamic mechanisms of MPF mode with coupling flexibility. Similar studies in the literature [26] , [27] have shown that the main flow features have high similarity within the changing of Reynolds numbers. The changing trend of hydrodynamic forces also keeps a high consistency. From all the above, the simulations in this paper have been set to Re = 1200, at which the inertia is still more significant than viscosity. This set can meet the requirement of both the mesh resolution and computational cost by the simulation of aquatic locomotion.
III. RESULTS AND DISCUSSION
A. HYDRODYNAMIC PERFORMANCE
In this section, the hydrodynamic characteristics of Rhinoptera javanica are analyzed at f = 1 Hz, A = 0.35 BL. The thrust force and lift force are presented here as non-dimensional coefficients C T and C L , which were computed by
where F x , F z represents the thrust and lift force, respectively, ρ represents the density of the fluid. The input power P was calculated by
where L i and Z i represents the lift force and vertical displacement of each boundary element. The propulsion efficiency was calculated by
VOLUME 8, 2020 where and is the mean thrust and input power over one stroke cycle, respectively. After the forces reach a periodic state, the temporal variation of fin tip displacement Z tip , thrust coefficient C T , lift coefficient C L , and input power P over one cycle are shown in Fig. 8 . It is noted that in a complete pectoral fin stroke cycle, the variation of C T and P contains two complete periodic waveforms, while the variation of C L only contains one waveform. Associated with the fin tip displacement at the vertical direction Z tip , when the tip of fin reaches the maximum amplitude (Z tip = ±0.35BL), i.e. when the direction of stroke changes, the model produces slight resistance, while at the balance position (Z tip = 0BL), the instantaneous thrust reaches the peak value. The peak value of thrust in the upstroke (t / T = 3.98 -4.47) is slightly higher than that in the downstroke (t / T = 4.48 -4.97). In one stroke cycle, the negative lift is mainly produced in upstroke, while the positive lift is mainly produced in the downstroke. The input power represents the instantaneous work consumed by moving the point on the pectoral fin in the vertical direction. It can be noted that the pectoral fin does not consume energy all the time when it is swimming. A small part of the energy will be released in the second half of the upstroke and downstroke stages, respectively, and the energy consumption will reach a peak at t / T = 4.1 and 4.8, respectively.
B. VORTEX TOPOLOGY
As shown in Fig. 9 , the velocity vector field on a vertical slice-cut 0.62 away from the middle of the body at t / T = 0.2 is shown by the hollow arrow in the figure. Due to the vortex structure, there produce strong jets in the wake of the swimmer which is consistent with the results of Manta rays [28] . The jets represented by the blue arrow has a large backward component, so according to the reaction principle, these jets are responsible for the thrust production. Thus the reason for the thrust peak at this time can be explained. It should also be noted, a part of the oblique upward jet(green arrow) is generated directly below the pectoral fin, which makes the lift force reaches the maximum value of a negative direction at this moment.
To further understand the thrust producing mechanism of the Rhinoptera javanica, this section analyzes the evolution of the vortex structure in a stroke cycle, in which the Q criterion [29] is used to visualize the vortex structures. Q is the second-order invariant of the velocity gradient tensor, which is defined as
where S and are the symmetric and asymmetric part of the velocity gradient tensor, is the Euclidean matrix norms. In the region where Q is greater than 0, the rotation rate of the vortex dominates. Therefore, the vortex structure display method under the Q criterion can better identify the flow field with a complex vortex structure, such as aquatic locomotion. Fig. 10 shows the isosurface of Q = 80. Due to the symmetric motions of the left and right pectoral fins, the vortex structures exhibit strict symmetry with respect to the mid-plane of the body (Fig. 11 ). Therefore, this section only analyzes the single side vortex structure. From Fig. 10 , it can be seen that there are three types of vortex structures, leading edge vortex (LEV), trailing edge vortex (TEV) and tip vortex (T). In one stroke cycle, two slender tip vortices are shed. The tip vortices are labeled as T1 -T6 according to the shedding order. T1 vortex is shed earliest and T6 vortex is the latest one. It can be seen from the figure that at t / T = 4.1 − 4.5, tip vortex T5 is shed into the flow field with the tip upstroke.
The direction of rotation is bottom right (shown by the red arrow of T3 at t / T = 4.1). During the downstroke of the pectoral fin at t / T = 4.6 − 5.0, the tip vortex T6 is formed, and the direction of rotation is bottom left (shown by the red arrow of T2 at t / T = 4.1). The shedding process of the tip vortex is consistent with the stroke of the tip, i.e., the shedding of T5 ends at the end of the upstroke process and so as T6 at the end of the downstroke process. The upper and lower tip vortices are connected by the trailing edge vortices, but the shedding of the trailing edge vortices has a certain lag compared with the tip stroke. For example, at t / T = 4.0, the downstroke process has ended, but the shedding of trailing edge vortices begins at t / T = 4.2, with the direction of rotation inward along the spanwise direction. At t / T = 4.5, the upstroke process ends, but the upper trailing edge vortices start to shed at t / T = 4.7 with the direction of rotation outward along the spanwise direction. The evolution of VOLUME 8, 2020 vortices is closely related to the force distribution. Associated with Fig. 8 , the shedding of trailing edge vortices corresponds to the two peaks of thrust and the peaks and troughs of lift, indicating that the shedding of trailing edge vortices is conducive to the generation of thrust. Fig. 12 is the spanwise vorticity contours. It can be seen that at t / T = 4.2, the counterclockwise TEV is shed from the upper surface of the model while the clockwise LEV is attached to the surface. In contract, at t / T = 4.7, the LEV is attached to the upper surface and its rotation direction is clockwise, while the TEV is shed into the flow field from the lower surface with counterclockwise direction. Associated with the lift variation curve, it can be inferred that the counterclockwise TEV is beneficial to the generation of positive lift force, while the clockwise TEV is beneficial to the generation of negative lift force.
C. EFFECTS OF KEY PARAMETERS
In this section, we examine the effect of frequency and amplitude. The hydrodynamic characteristics of the Rhinoptera javanica are studied under the combination of different frequencies (f = 0.4, 0.7, 1.0, 1.3 Hz) and amplitudes (A / BL = 0.20, 0.27, 0.35, 0.43, 0.51). Figure 13 shows the time variation of the instantaneous thrust and lift coefficient at four typical combinations of frequency and amplitude. It can be seen that when the frequency is fixed, the thrust peak increases with the increment of amplitude, however, the increment value in high-frequency stroke is much larger than that in low-frequency stroke. For instance, at f = 0.4 Hz, the peak value increases 200% as the amplitude increase from 0.2 to 0.43, while the increment value at f = 1.3 Hz is 1124%, which indicates that the increment of stroke frequency dominates the thrust increment. It can also explain the reason why the frequency of Rhinoptera javanica is generally kept at a large range when they are swimming at high speed in our observations. High frequency and large amplitude stroke not only causes the increase of thrust peak but also the increase of lift peak. It should be noted that when the frequency is fixed, the lift peak occurs later at large amplitude stroke than that at a small amplitude. For instance, at f = 1.3 Hz, A / BL = 0.2, lift peak occurs at t / T = 4.57, while at f = 1.3 Hz, A/ BL = 0.43, lift peak occurs at t / T = 4.67. This is because the projected area in the horizontal plane at large amplitude is smaller than that at a small amplitude due to the chordwise deformation, which makes it stroke more to produce the lift peak. Fig. 14 shows the variation of average thrust coefficient, propulsion efficiency and Strouhal number St respect to the frequency at different amplitudes. First of all, increases with the increment of frequency and amplitude, i.e. St. This phenomenon is consistent with the research of 3D flapping wings with similar coupling motion in the literatures [30] - [32] . From Fig. 14(a) , at a small amplitude, a large frequency is required to obtain the positive thrust value. Therefore, in the swimming process, the Rhinoptera javanica observed in the present study seldom uses the amplitude less than A / BL = 0.25 which is also in agreement with the observation of Rosenberger [16] . The stroke parameters with an average thrust value around 0 indicate that the Rhinoptera javanica can swim at a steady speed. The stroke with large amplitude at low frequency and small amplitude at high frequency can both produce such a steady swimming state. However, from the efficiency variation curve, it can be seen that the stroke with a large amplitude at low frequency has a higher swimming efficiency, which is contrary to the BCF swimming mode [33] . It can be also seen from the efficiency variation curve that the optimal frequency at which the efficiency reaches a peak for each amplitude is different, and the corresponding St also varies. The results of Triantafyllou [17] indicate that the St number corresponding to the optimal swimming efficiency of aquatic animals is 0.2 − 0.4, while the optimal St range of present study is beyond this range. This is due to the Reynolds number in this paper is Re = 1200, which is lower than the swimming Re of actual Rhinoptera javanica. Thus it leads to the increment of resistance and pushes the optimal St to higher values. In the previous study [6] , the authors showed that St of fish will inevitably increase when swimming at a low speed. When the Reynolds number is greater than a certain range, the optimal St will fall into the range of 0.2 − 0.4. In the study at some low Reynolds numbers in the literature [30] , [31] , also, the optimal St range is higher than the range of 0.2 − 0.4.
For a free swimming animal, it can reach a quasi-steady state of constant mean velocity when the thrust balances its drag. Froude efficiency η f is ofen used for constant speed inline swimming, defined as F X U /(F X U +P). By calculating the Froude efficiency, the efficiency of Rhinoptera javanica can be compared with the swimmers using BCF mode. In literatures, the Froude efficiency was 18.89% and 17.62% for inviscid and viscid anguilliform swimmers [5] ,respectively, 47.55% and 18.86% for inviscid and viscid carangiform swimmers [34] ,respectively. The Froude efficiency of the Rhinoptera javanica was calculated as 57.58% at f = 0.4 Hz, A/ BL = 0.51 making it more efficient than the BCF swimmers. Fig. 15 shows the three-dimensional vortex structures of Rhinoptera javanica under different frequency and amplitude combinations. Firstly, the larger the frequency and the amplitude is, the greater the vortex strength in the lake. Due to the viscous of the fluid, the vortex will dissipate slowly in the process of convecting downstream. The vortices with great strength will take longer to dissipate ultimately. So, four complete vortices can be observed in the wake of the swimmer at high frequency(T1 -T4), in contrast, only one vortex (T4) can be observed at small frequency; Secondly, under the same frequency, the spacing between tip vortices in the vertical direction and streamwise direction at large amplitude is larger than that at small amplitude, at the meanwhile, under high frequency, the small vortices between the tip vortices will be more broken, As seen from Fig. 15  (d) . the broken vortices and TEV interfere with each near the centerline of the model, which will bring more energy consumption. Under low frequency, due to the slow speed of vortex shedding, the distance between the tip vortices in the streamwise direction is far greater than that of high frequency, what's more, the connection between the vortices is more smooth, forming a Sine function shape. This kind of vortex structure characteristic is similar to the wake of tuna at low St [35] . From the chord vortex structure (Fig. 16 ), it can be also observed that the strength and the broken degree of the vortices under low frequency are significantly lower than those under high frequency. Fig. 17 shows the spanwise vorticity contours. The distance between spanwise vortices is consistent with the tip vortices observed in the three-dimensional vorticity structures. It should be noted that under low-frequency stroke, the TEV is shed slowly, dragging a long wake near the model, and the LEV also extends to the trailing edge of the pectoral fin, causing interference to the TEV. Then LEV is shed along with the TEV. The backward extension of the LEV produces a great impact on the pressure distribution of the model's lower surface, and this is the main reason why the thrust and lift peak is small under low frequency. Under high frequency, the LEV is separated from the pectoral fin section earlier and does not affect the TEV at the backward. The TEV convects backward forming a typical reversed Karman vortex street (more obvious in Fig.17(c) ). In the wake farther away from the model, it forms dual rows vortex structures. As seen in Fig.17(d) , it generates a large number of broken vortices due to large amplitude, but the main vortex structure is similar to that at high frequency small amplitude stroke. The three-dimensional vortex structure can be seen as a combination of several two-dimensional structures. Similar two-dimensional vortex structures are also observed in the Ref. [31] , [35] . However, due to the coupling flexibility of Rhinoptera javanicas, the three-dimensional vortex structures are more complex than the flapping wings and BCF swimmers. 
IV. CONCLUSION
In the present study, we constructed a computational model based on morphological and kinematic data from a Rhinoptera javanica and employed it to elucidate the hydrodynamics of MPF locomotion with both spanwise and chordwise coupling flexibility. Then the model was imported as immersed moving boundaries in our IB -SGKS solver.
The simulations show the hydrodynamic performance and give a good explanation for many biology behaviors. For instance, during the swimming progress, stroke motion does not consume energy all the time. The swimmer can gain some energy from the coupling motion which can explain why the aquatic animals can swim efficiently. When the swimmer changes its stoke parameters, the increment of stroke frequency dominates the thrust increment. So, when they are swimming at high speed, the frequency of Rhinoptera javanica is generally kept at a large range. In addition, Rhinoptera javanica seldom uses the amplitude less than A / BL = 0.25, because the small amplitude can hardly generate positive mean thrust. What's more, a large A-small f stroke is more efficient than a large f-small A swim.
Vortex dynamics results show that the coupling deformation creates a number of vortex structures including LEVs, TEVs and tip vortices. The shedding of the tip vortices is consistent with the stroke, while the shedding of TEVs has some delay. Different combinations of f and A can result the variation of the strength, location, dissipate speed and broken degree of the vortices. These analyses can provide a better understanding of the physical mechanisms of lift-base propulsion mode under both spanwise and chordwise flexibility and lead to improved models for the design of bio-inspired underwater vehicles.
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